• In the past few years, an increasing attempt has been made to interpret the performance of the intact heart in terms of basic muscle mechanics. Studies by Abbott and Mommaerts 1 and Sonnenblick 2 of force-velocity relationships in the cat papillary muscle have provided a firm basis for an analysis of the mechanical behavior of the intact heart. The dependence of force-velocity relations upon fiber length, previously shown in isolated skeletal muscle, 3 has been demonstrated clearly in papillary muscle as well. 2 As normal systole is complicated by a constantly changing fiber length as well as by complexities of fiber geometry, it is difficult both to measure and to interpret mechanical events in a manner analogous to isolated muscle. In a study of instantaneous relationships between myocardial force and velocity in the intact dog heart, Fry et al. 4 succeeded in demonstrating a reciprocal relationship between force and velocity at a given left ventricular fiber length. These authors emphasized that not only the initial but each succeeding fiber length during systole was important in determining myocardial force and velocity. Thus, a modification of the classic force-velocity curve must be derived if one is to apply this type of analysis to the intact heart under its actual working conditions.
In a previous paper, 5 an analysis was described by which instantaneous force and Supported by Grant HE-7139 from the National Heart Institute.
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Circulation Research, Vol. XVlll, June 1966 velocity relations could be examined in the intact heart throughout the course of a single systole. From these data one could construct a single force-velocity curve for each beat which defined the performance of that beat. This method not only provided information on force-velocity relations at a single fiber length, but permitted an integrated analysis of the full performance of a given systole during fiber shortening. The time course of force-velocity relations studied in this fashion, however, introduces another variable in addition to changing fiber length; namely, that of the changing intensity of the active state of muscle.
In the earlier study, 5 the effects of changes in preload (initial fiber length), heart rate and inotropic environment upon these curves were demonstrated and interpreted in light of known mechanics of papillary muscle. ' °I t is the purpose of the present report to examine the effect of two other variables, not previously studied, upon force-velocity curves of single systoles; namely, afterload and the decay of the active state of muscle. It will be seen that abrupt changes in afterload permit one to distinguish between the effect of fiber shortening and the decay of the maximum active state on the force-velocity curve of the left ventricle, and also enables one to explore a rather wide range of the contractile element work" vs. load curve. In this fashion, some insight may be gained into the means by which afterload functions as an important determinant of ventricular performance. 
Methods

All studies were performed in mongrel dogs
Time course of left ventricular pressure, dP/dt and aortic root flow rate. Aortic resistance was increased between the second and third cardiac cycle (vertical arrow). Time lines are at 20-msec intervals.
weighing between 13 and 25 kg, anesthetized with sodium pentobarbital, 25 mg/kg. Respirations were driven by a Harvard pump via a cuffed endotracheal tube. Left ventricular pressure was recorded by means of a Statham SF1 catheter-tip micromanometer passed retrograde through the aortic valve. The frequency response of this system was flat to over 50 cycles/ sec and there was no phase lag. The micromanometer was calibrated by equating the pressure recorded by the micromanometer to that measured through the lumen of the catheter by means of a Statham P23d strain gauge. The time derivative of pressure was determined electrically by means of a linear R-C differentiating circuit (Electronics for Medicine) and was calibrated for each animal study by measuring the maximal slope of the isometric pressure rise. Cardiac output was determined by the indocyanine dye dilution technic. End diastolic volume was measured by the thermal dilution technic. The standard error and reproducibility of this volume method have been presented elsewhere. 5 Via a sternal splitting thoracotomy, the root of the aorta was exposed and a square wave electromagnetic flowmeter* was placed on the proximal aorta as close to the root as possible. The time course of aortic flow rate was recorded and in some studies was integrated electrically during the ejection period. Linearity of the flowmeter was demonstrated using calibrated syringes
•Model 300, Carolina Medical Electronics, Winston-Salem, North Carolina.
of heparinized blood at varying flow rates. The time constant of the flowmeter was 3 to 10 msec, and the maximum lag of the flowmeter with reference to the measurement of intraventricular pressure was 2.5 msec, when simultaneous left ventricular and aorta root pressures were recorded using catheter-tip micromanometers to indicate the onset of the ejection period. All measurements were recorded simultaneously on an Electronics for Medicine 8-channel photographic recorder at paper speeds of 200 mm/sec ( fig. 1) . Thus, as measurements were made at 20 msec (4 mm of paper) intervals of systole, the maximum flow curve delay (0.5 mm of paper) was ignored.
EXPERIMENTAL DESIGN
Cardiac output and 3 to 5 thermal dilution curves were recorded before and after each experiment and their average values calculated. When a number of control beats had been recorded, the aorta distal to the flowmeter was abruptly narrowed by manual compression during a single diastole. With a little practice a small, moderate or large increase in afterload could be achieved during diastole and maintained throughout the subsequent systole without artifactual distortion of either the pressure or flow curves. In this manner, the end diastolic volume of the cardiac cycle just before and during the intervention can be assumed equal. To obviate respiratory variations from beat to beat, the Harvard pump was turned off momentarily during each set of interventions. Isovolumic contractions of the left ventricle were studied in similar fashion, but in this case the aorta was occluded just proximal to the flowmeter by means of an atraumatic clamp. The occlusion was maintained for one systole only and in each case zero flow was recorded by the flowmeter during the period of occlusion.
Thus, in the analysis of the effect of each level of afterload, two consecutive cardiac cycles were examined: one, the normally loaded systole, the second, the afterloaded systole ( fig. 1) . At the end of the experiment the left ventricle was dissected from the remainder of the heart and was weighed.
ASSUMPTIONS AND DEFINITIONS
For the purpose of these analyses, it was assumed that the left ventricle may be represented as a homogeneous, thin-walled sphere and that all portions of the ventricle contract simultaneously and equally. As the canine left ventricle more closely resembles a prolate spheroid with a major-minor axis ratio of 2:1, the error introduced in the calculation of wall force by assuming a spherical shape of equal volume will be approximately 8%. 8 As indicated by Gorlin et al., 8 the change in axis ratio during systole is such as to introduce a very small additional error in the calculation of instantaneous wall force. Circumferential fiber length and shortening rate (CFSR) refer to the inner circumference at the equator of a spherical ventricle. Wall force has been normalized for unit cross-sectional area of muscle for comparison to the results of others. In this instance, force was calculated at a point halfway between endocardium and epicardium.
In order to provide values of the extension of the series elastic component comparable to those obtained in papillary muscle, 9 it is assumed for this calculation only that end diastolic force is supported entirely by the series elastic component. F o is defined as the maximum isometric force and V max as the velocity of the contractile element at zero load. The duration of systole is defined as the time from the onset of pressure rise to the point when pressure falls to zero, and afterload as the force encountered by the heart during mechanical systole.
The active state of muscle exists whenever the contractile element ceases to be freely extensible and either shortens or develops tension. The intensity of the active state is defined as the force developed by the contractile element when it is neither lengthening nor shortening. In examining the performance of the intact ventricle, it is not possible to measure the intensity of the active state directly, nor is it possible to distinguish between asychronous contraction of portions of the ventricle and a change in the intensity of the active state of the muscle per se. However, Circulation Research, Vol. XVlll, June 1966 it will be shown that the time course of forcevelocity relations during systole reflects changes in the intensity of the active state of the entire ventricle (vide infra). Thus, while not measured directly, a major change in the intensity of the active state can be inferred from specific deviations of force-velocity curves during systole. In this discussion, the expressions "intensity of the active state" and "maximum active state" refer to the resultant intensity of the active state of the entire ventricle. It should be appreciated, however, that this term does not necessarily reflect what is happening to the contractile apparatus of a given segment of muscle.
CALCULATIONS
Analyses of force-velocity relations were made at 20-msec intervals through the entire period of systole. With certain modifications (vide infra) these analyses were similar to those described in a previous paper. 5 The average stroke volume for each steady state was determined by dividing the cardiac output (dye dilution) by the heart rate. The average area under the flow rate curve of 10 to 12 control beats during the steady state was equated to the average stroke volume, 10 and the stroke volume of individual beats was calculated from the ratio of the area under an individual flow curve over the average area. The volume change (dV/dt) was determined at each 20-msec interval of systole by either planimetric or electrical integration of individual flow rate curves. In this manner the instantaneous radius of the ventricle could be calculated from the volume equation of a sphere, V = 4/37rr. 3 Myocardial tensile force (F) in dynes was calculated from the equation, F = 7TT 2 P, where P = intraventricular pressure in dynes/cm 2 and r = radius of ventricle in cm at each interval of systole. The time derivative of force (dF/dt) was calculated as dF/dt -TTT 2 dP/dt-27rrP dr/dt or, 77T 2 dP/dt-rP (CFSR), and is expressed as dynes/sec. Using Hill's series elastic model as a functional representation of muscle contraction, 11 shortening of the contractile element is expressed both as fiber shortening and as stretching of the series elastic component (SEC). Contractile element velocity (V ce ) during cardiac systole, therefore, must be derived as the sum of fiber shortening rate and the lengthening velocity of the SEC. Thus, V ce = CFSR + dl/dt, where CFSR -circumferential fiber shortening rate in cm/sec and dl/dt = lengthening velocity of the SEC in cm/sec. CFSR was derived from the expression: (dF/dl) (dl/dt). The method for determining dF/dl appears below. As described previously, 7 contractile element work (CEW) was derived as the sum of forcegenerating work (FGW), the work performed in stretching the series elastic to peak force, plus fiber shortening work (FSW ce ), the work performed by the CE in shortening the fiber. FGW was calculated from the equation, FGW = F P /S, where F p = peak force in dynes and S = the linear slope of the (dF/dl)-F relationship" in cm" 1 . FSW was derived by integrating the time course of fiber shortening power per beat. However, since the SEC aids the CE in shortening the fiber after peak force has been achieved, this work performed by the recoiling SEC was subtracted from the total FSW (J F X CFSR) in the derivation of FSW ce . Thus, FSW ce = FSW = FSW sec , where FSW sec equals the work performed by the recoiling SEC in shortening the fiber. Since the energy expended by the recoiling SEC in shortening the fiber was derived by stretching the SEC to peak force, it is included in the energy balance of the heart as FGW rather than FSW.
Direct measurements of intraventricular pressure, aortic root flow rate and dP/dt were made on the original tracing and all derived calculations were performed by an IBM 1620 computer.* The calculation of FSW ce was made by re-plot and planimetry of the CE power and fiber shortening power curves.
In our earlier experiments the stiffness of the SEC (dF/dl) was derived by normalization of the linear relationship between dF/dl and F found by Sonnenblick in the cat papillary muscle 2 and extrapolation to the specific dimensions of each dog's left ventricle. More recently we have measured the active stiffness of the intact left ventricle in the dog in the following fashion: the afterload of two adjacent systoles was altered very slightly, such that the total contractile element work of the two beats was not changed significantly (vide infra). Thus, CEWi = CEW 2 . Since CEW = FGW + FSW and since FGW = Fp/S, the above equation may be rewritten as: ' 
(See legend for fig. 2). Divergence of force-velocity relations from the inverse curve during the period of maximum fiber shortening is not always observed, particularly when the afterload of the control beat is large to begin with (B and C). In these instances, force-velocity relations move upward along the inverse curve before decay of the maximum active state is apparent. See text.
S = slope of the (dF/dl)-F relationship.
The magnitude of the afterload in each cardiac cycle was estimated by comparing the peak force generated during that beat to the maximum force (F o ) estimated from an adjacent isovolumic or near isovolumic contraction of the same diastolic fiber length and inotropic environment. Thus F o was derived by extension of the inverse forcevelocity curve to the point of zero velocity in an isovolumic or near isovolumic contraction and the ratio of F p /F 0 of both the control and the afterloaded beats provided a measure of the afterload itself.
Normalization of F o was derived in the following manner: the average left ventricular weight in grams was added to the average end diastolic volume in ml found in the control studies, and the cross-sectional area of muscle at the equator of the spherical ventricle calculated. F o was then expressed as g/cm 2 .
Results
FORCE-VELOCITY RELATIONS DURING NORMALLY LOADED BEATS
During the time course of a normal cardiac systole, an inverse relation between force and contractile element velocity (V ce ) was observed from early during the isometric period to well into the ejection period (figs. 2 and 3).
(F P )JS + FSW 1 -(F p ) 2 /S + FSWo. Solving for S, the active stiffness of the ventricle at each level of force may be derived after normalizing for unit muscle length. The normalized value for S found in this fashion was 17.7 ± 4.5 cm-1 , while that found by Sonnenblick 9 in the cat papillary muscle was 32 ± 3.9 cm-1 .* The value for S used in our earlier study 5 was 28.8 cm"
1 and had been derived from normalization of one of Sonnenblick's first measurements of series elasticity. 2 As it was felt that the in vivo estimation of active stiffness was more applicable to calculations in the intact dog than values obtained from the cat papillary muscle, the former was used in the present calculations of dl/dt. The details of the in vivo method form the subject of a separate report. However, in most instances as fiber shortening occurred, the time course of force-velocity relations described a gradual curve concave to the velocity axis prior to the point at which peak force was achieved ( fig. 2) . Later in systole, divergence from the inverse curve was more abrupt and zero velocity was associated with low values of wall force. In a smaller number of instances, and particularly those control beats in which the ratio of peak force to isometric force was large (large afterload ), force-velocity relations remained on an inverse curve, convex to both the force and velocity axes, until after peak force was achieved ( fig. 3 ). These latter curves resemble those reported in an earlier study 5 where the use of an orifice flowmeter resulted in partial aortic obstruction. As with the other control beats, an abrupt divergence from the inverse curve was noted in these beats during the latter half of the ejection period.
Thus, two types of divergence from the characteristic inverse curve were noted during the time course of force-velocity relations of normal cardiac systoles. One was gradual, developing early in the ejection period, and demonstrable only in those beats in which there was substantial fiber shortening. The second was more abrupt, occurred later in systole, and was present in all cardiac cycles examined. The greater the afterload and the less the fiber shortening per beat, the longer force-velocity relations remained on a curve which was convex to both axes. If force-velocity relations were examined very early in the isometric period (during the first 20 to 40 msec), velocities were often found which were less than that predicted from the entire curve.
In the control beats, peak force was achieved an average of 107 msec after the onset of pressure rise (38% of the duration of mechanical systole), and at a time when 17% of fiber shortening had occurred (table  1) . Late divergence of the F-V ce relations from the inverse curve, on the other hand, occurred an average of 164 msec after the onset of pressure rise and was only clearly evident after 65% (45 to 81%) of fiber shortening had occurred. The average circumferential fiber shortening during the control beats was 6.8% (5.2 to 11%) of the initial fiber length, while lengthening of the SEC was 16.5% (12.1 to 18.4%). The average V max observed in these studies, derived by extrapolation of the inverse curve to the point of zero force, was 2.5 ± 0.31 muscle lengths/sec. F o was more difficult to estimate from these curves but averaged 4.5 ± 1.5 X 10 u dynes at the endocardial surface or 343 g/cm 2 when normalized for average cross-sectional area of muscle. If force was calculated at a point halfway between endocardium and epicardium, the average F o was calculated to be 450 g/cm 2 .
Contractile element work (CEW) and power fell to zero at an average of 201 msec or at approximately 71% of the duration of systole. CEW (table 2) average 4.75 ±2.1 dyne-cm/beat, of which 52% was devoted to force generation and 48% to fiber shortening (FSW C1! ). The amount of work performed by the CE in shortening the fiber constituted an average of 76% of the total FSW; the remainder being accounted for by the recoiling SEC. In these control beats, the ratio of F p /F 0 averaged 65% (±7.1%).
EFFECT OF HEIGHTENED AFTERLOAD ON FORCE-VELOCITY RELATIONS
The effect of an abrupt increase in afterload on the force-velocity curve was such as to shift the mid and late portion of the curve to positions of higher force and lesser velocity, and extend the inverse curve towards the projected F o . In most instances the instantaneous contractile element velocity during the ejection period in the control beat was less for a given wall force than in the afterloaded beat ( fig. 2 ). When these instantaneous velocities were corrected for changing fiber length and expressed in muscle lengths per second, this difference in instantaneous velocity at a given force was still clearly apparent (fig-4) .
Peak force was achieved slightly later in systole in the afterloaded beats (table 1), but at a time when a smaller fraction of fiber shortening had occurred (12.7%). In the isovolumic beats peak force was developed in
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132 msec compared to 93 msec in their control beats. Late divergence of the force-velocity relations from the inverse curve occurred at the same time following the onset of pressure rise in the mild to moderately afterloaded beats (161 msec) as in the controls (164 msec), but since there was less fiber shortening, this divergence occurred at a longer fiber length. In the isovolumic beats, too, late divergence was evident at the same time during systole (144 msec) as in the controls (142 msec), but occurred only as contractile element velocity approached zero ( fig. 2B and C) . Contractile element work and power fell to zero slightly earlier in the mild to moderate afterloaded beat than in the controls (P < 0.06), and this difference was exaggerated in the isovolumic beats. Thus, despite a prolongation in the duration of systole in the isovolumic beats from 277 to 309 msec, CEW fell to zero in 141 msec compared to 189 msec in the controls (P < 0.001). This may be interpreted as reflecting a greater duration of negative work (decremental restraint on the recoiling SEC) performed by the contractile element in the isovolumic beats. The average fiber shortening in the afterloaded group was 4.5% compared to 6.8% in the controls, while the per cent lengthening of the SEC was increased from 16.5 to 17.2% in the afterloaded beats, and to 21.8% in the isometric beats.*
EFFECT OF HEIGHTENED AFTERLOAD ON CONTRACTILE ELEMENT WORK
The effect of a sudden increase in afterload on CEW was dependent upon two factors: (1) the magnitude of the afterload itself, and (2) the relationship of peak force (F,,) of the control beat to maximum isometric force (Fo). In order to examine each of these variables separately, the experimental results have been divided into two groups: (1) those studies in which the ratio of F p /F 0 in the control beat was greater than 50% (table  2) , and (2) those in which the ratio of F p /Fo was less than 50% (table 3) .
In the former group, which included the majority of interventions examined, a small increase in afterload produced little if any change in CEW (table 2) . When a major afterload was imposed, particularly in the case of the isovolumic beats, a large and consis-*Per cent lengthening of the SEC as derived from these calculations does not infer that the SEC itself actually lengthened by this amount, since series elasticity in these dogs was derived as the overall active stiffness of the entire left ventricle. 
V ce for the two heats illustrated in figure 2B is expressed here as instantaneous muscle lengths/sec. Note that the gradual divergence of the auxotonic control curve during the period of maximum fiber shortening from the inverse curve of the isovolumic beat is still clearly apparent.
tent decrease in total CEW was observed. In the group of mild to moderate afterloaded beats the average decrease in CEW was to 90% of the control levels, while in the isovolumic beats, CEW averaged only 80% of the control levels. This relationship between CEW and the magnitude of the afterloading intervention is demonstrated in figure 5 , where it is shown that as the ratio of F p /F 0 of the afterloaded beat rises, the decrease in CEW becomes progressively greater. A different response to afterload was observed in those experiments in which the control beat was lightly afterloaded and the ratio of F p /Fo was found to be less than 50%. Under these circumstances, CEW rose rather than fell in the afterloaded beat (table 3, fig. 5 ). Experiments 7 and 8 performed in the same dog are of interest in that a small afterload produced a rise in CEW, while a large afterload resulted in less work performed.
These studies indicate that the normal systole functions near the peak of the CE workload curve and that generally any further increase in afterload decreases total contractile 
Effect of afterload on CEW. Per cent change in CEW is plotted against the change in ratio of F p /F g produced by the afterload intervention. The interrupted lines represent those experiments in which F p /F fl of the control beat was less than 50%; the solid lines, those in which F p /F g of the control beat was more than 50%. In the lightly loaded control beats, an increase in afterload increased CEW in 7 of 8 experiments. When F p /F 0 of the control beat was more than 50%, a fall in CEW was generally observed.
element work, and that this decrease is maximal in the isovolumic beat. Studies of the effect of an abrupt decrease in afterload have not been done. However, in a single experiment, an abrupt decrease in central aortic pressure, sufficient to reduce F p /Fo from 62 to 40%, produced a fall in CEW of 24%.
Discussion
The interpretation of force-velocity relations in the intact heart, studied in this fashion, is hampered both by a lack of precision in measurement and by the problem of multiple variables. This becomes particularly important if one attempts to relate these observations to analogous findings in studies of isolated papillary muscle. The method used in this study is based upon a number of assumptions, which were made to permit reasonably simple estimations of contractile element force and velocity. The errors introduced by assuming a spherical ventricle, 8 muscle contraction, 12 a homogenous left ventricular muscle mass, 7 and a thin-walled left ventricle 13 have been discussed elsewhere. While it is possible that pathological variations in these parameters play an important role in the physiology of diseases of the myocardium, there is reason to believe that the data obtained in the present study are in keeping with known physiological data of the mechanics of normal isolated heart muscle. Furthermore, an examination of the mechanics of the intact heart provides an opportunity to observe phenomenon of potential clinical importance which cannot be studied in isolated muscle.
In addition to the problems mentioned above, an important distinction should be made between the time course of forcevelocity relations constructed from an auxotonic systole and the classic force-velocity curve of isolated muscle. In analyzing the former it must be remembered that muscle length is shortening continually and the in- tensity of the active state is also changing. While the vagaries of fiber shortening are eliminated in the isovolumic contractions of the ventricle, the changing intensity of the active state still must be reckoned with if measurements are to be made at different times throughout systole. The significance of "projected isometric force," for example, will be different in these studies from the force intercept of the force-velocity curve of tetanized skeletal muscle, where the intensity of the active state is constant. The significance of the "projected isometric force" derived from sequential force-velocity points from a single isovolumic systole, is not fully understood, and while comparisons between this value and maximum isometric force of isolated cardiac muscle are examined cautiously, it must be realized that the two are not analogous. The same caution must be exercised in the examination of other variables; i.e., V mnx , afterload, active stiffness, etc., which are not directly comparable to their designated counterparts in isolated muscle. While designations may be used in the present study to convey a functional similarity to measurements made in classic muscle physiology, each should be examined in the context of the design of the experiment, identifying whenever possible how the particular measurement differs from that made in studies of isolated muscle.
The maximum velocity of the contractile element of cardiac muscle has been shown to be dependent upon inotropic environment, 2 ' ° heart rate, 1 ' 6 and temperature.
14 Cat papillary muscle stimulated at a rate of 30/min at 20 to 23°C exhibits maximum velocities of approximately 1.0 to 1.3 muscle lengths per second.
2
-° Ullrick has shown that with a 10°C increase in temperature, V max increases in the rat heart roughly twofold. 14 Inasmuch as the present studies in the intact dog heart were carried out at heart rates of 120 to 180/min at body temperature, the finding of an average V mn x of 2.5 muscle lengths/sec is not unexpected. While maximum isometric force is a function of initial fiber length, Sonnenblick found an average F o of 352 g/cm 2 in the cat papillary muscle, although at the apex of the length-tension curve, values as high as 900 g/cm 2 were observed. 2 Ullrick found isometric tensions of 500 g/cm 2 in rat trabaculae carneae functioning at optimal length, and further showed that this value was uninfluenced by changes in temperature.
14 In our studies, the average F n was estimated to be 450 g/cm. 2 While no direct correlative measurements of active state were attempted in these experiments, certain observations were made which may shed some light on the time at which maximum active state is developed and begins to decay during the normal systole. For example, in most experiments within 40 msec of the onset of pressure rise, force-velocity relations were such as to appear to be on the same inverse curve, convex to both axes, as was described by the subsequent force-velocity points of that beat throughout the first half of systole. This was particularly true of the isovolumic beats, where an inverse curve could be constructed at a single fiber length, which enabled one to predict the instantaneous velocity which should be achieved at a given low value of force early in systole, if all fibers were activated equally and maximally. If, for example, the inverse portion of the force-velocity curve of an isovolumic beat was extended to the velocity axis, the velocity which should exist at low forces very early in systole can be predicted from the extended portion of the curve. That lower velocities were observed during this time may be explained either by asynchrony of left ventricular activation or by a gradual development of the maximum active state. Whichever the case, it may be inferred that in most instances the ventricle is fully activated and the intensity of the active state is close to maximal within 30 to 50 msec after the onset of pressure rise in these hearts. Furthermore, it would appear that a rapid fall-off in the intensity of the active state does not generally occur earlier than 20 msec before peak force is achieved in the isovolumic beats, and that this may occur well after peak force is reached in normally loaded or mildly afterloaded beats. This is inferred from the observation that the late, generally abrupt divergence of the force-velocity relations from the inverse curve occurs at the same time in systole in the normally loaded and afterloaded beats, and that it is independent of fiber shortening (viz. the isovolumic beats). The only reasonable explanation for this abrupt decrease in CE velocity in the absence of fiber shortening is a decrease in the intensity of the active state of the ventricle. It is not known whether this is due to the fact that some fibers may cease contracting earlier than others or that an abrupt decrease in the intensity of the active state of all ventricular fibers occurs at this time. It would appear, however, that an abrupt fall-off in the intensity of the active state of the ventricle as a whole is manifest by a conspicuous fall in the instantaneous velocity at a given wall force, and that a sudden increase in afterload does not seem to alter the duration of the apparent maximum active state in the next cardiac cycle. As afterload is increased, the point at which contractile element velocity reaches zero occurs earlier and earlier in systole. At the same time, however, the duration of negative CE velocity and hence negative CE work is prolonged.
Of the total contractile element work done by the normal dog systole, about 50$ was expended as internal or force-generating work. This is considerably more than has been found in the cat papillary muscle, where internal work at the apex of the CE work-load curve was about 36$ of the total work performed, 9 and is due largely to the fact that the value for active stiffness of the left ventricle used in our calculations of force-generating work was considerably lower than that found by Sonnenblick in isolated papillary muscle. This is not to be interpreted as signifying that true series elasticity of the contractile apparatus is different in the intact heart than it is in isolated muscle, but rather that other factors (vide supra) besides series elasticity itself determine the functional active stiffness of the entire ventricle.
EFFECT OF FIBER SHORTENING
The effect of afterload on force-velocity relations during the course of a single systole involves not only reciprocal changes in both force and velocity according to their hyperbolic relationship, but also invokes the effect of changing instantaneous fiber length upon this relationship. Although the implications of the Frank-Starling mechanism have been realized for years, Sonnenblick has shown in the cat papillary muscle that an increase in fiber length increases the maximum isometric force of muscle but does not alter the maximum velocity. 6 In their studies of the intact dog heart, Fry et al. 4 suggested that myocardial function be represented by a "three dimensional force-velocity-length surface" and Circulation Research, Vol. XVIII, June 1966 concluded that the work accomplished by the heart must depend on the path traveled on this surface per beat. While these conclusions were drawn from analyses of single volume points in different systoles, a similar suggestion was made utilizing the present technic of analyzing force-velocity points at varying fiber lengths in the same systole. 5 The present results are in keeping with this hypothesis and demonstrate that after ejection begins, forcevelocity relations diverge downwards from the inverse curve of an adjacent afterloaded beat starting from the same initial volume (fig. 4 ). This divergence is clearly evident before the apparent fall-off in maximum active state and is only demonstrable in those beats in which afterload is not unusually high. Late divergence of the force-velocity relations from the inverse curve is related to decay of the intensity of the active state and has been shown to be independent of fiber shortening per se (vide supra). There is reason to believe that the relatively small amount of fiber shortening observed in the majority of control beats is sufficient to account for a major fall-off in instantaneous wall force. The average fiber shortening in the control beats was only 6.8%. However, a decrease in fiber length of 6.5$ in the cat papillary muscle was found to produce a decrease in isometric force to only two-thirds of the initial value,* suggesting that sequential decreases in fiber length during the course of a normal systole should be associated with a noticeable decrease in wall force regardless of changes in the intensity of the active state. The failure to demonstrate a decrease in projected isometric force in some control beats which already sustain rather high afterloads ( fig. 3) is not clear, but probably reflects the limitations of this method to detect the effect of small changes in instantaneous fiber length.
EFFECT OF AFTERLOAD ON CONTRACTILE ELEMENT WORK
The effect of an abrupt change in afterload on the total work performed by the contractile element depends upon the magnitude and
•Taken from figure 13. direction of the change in afterload and on the afterload of the control beat itself. It is evident from examination of the force-velocity curve itself that the more time the heart spends functioning in the middle of this curve, the greater will be the total systolic power and work, and conversely, the more time spent at very high or very low loads, the less work and power will be performed. This essentially is the basis for the observed effect of afterload on CE work and is illustrated diagrammatically in figure 6 . Unless a control beat was functioning at a lower than optimal afterload, an increase in afterload resulted in less CE work performed and this decrease in work was related to the magnitude of the new load. It should be noted in this case that two opposing mechanisms are brought to bear by a heightened afterload which will influence total contractile element work. By virtue of less fiber shortening, the mean F o of the afterloaded beat (which represents the average for the composite force-velocity curves of that systole) will be greater than in the control beat. Were it not for changes in afterload, this increase in mean F o would enable more work to be performed during this beat. However, it would appear that the advantage of an increased mean F o is outweighed by reciprocal changes in force and velocity on the new curve such that less power and work are produced even though isometric force is extended. The net result is a decrease in total contractile element work. In those control beats in which the ratio of F p /Fo was low (less than 5035), a moderate increase in afterload permitted the contractile element to perform a greater amount of work. Conversely, in one experiment a reduction in afterload from a normal control beat resulted in a marked decrease in total work performed. The variable response of external stroke work to a moderate increase in afterload reported by Imperial et al., 15 can probably be explained on this basis. As pointed out by Wilcken et al., 10 these workers utilized lightly afterloaded control beats. Thus, a moderate increase might actually increase stroke work as well as total contractile element work, while a major in- A: Diagram of force-velocity relations described by (1) crease consistently depressed stroke work. In studies of unanesthetized dogs by Wilcken and his colleagues, 10 an abrupt increase or decrease in aortic impedance from a normal level resulted in no change or a fall in external stroke work.
It has been shown that the external work done by isolated cardiac muscle is maximal at 40 to 50% of the isometric load. 6 work of isolated skeletal muscle and found that the contribution of the latter to the total work of the muscle was very small. In his studies, internal work (work performed in stretching the series elastic) at isometric load was about 17% of the maximum total work achieved by that muscle. Sonnenblick has made a similar analysis in the cat papillary muscle and because of a greater series elasticity in cardiac muscle, found internal work to comprise a more important fraction of the total work of the contractile element. 9 In his studies, the internal work done at isometric load was approximately 55% of the maximum total work performed at a given fiber length. Because the addition of internal work to external work assumes greater and greater proportions with increasing load, the apex of the CE work-load curve was observed at 60 to 65% of isometric force. In the present study, too, the average ratio of peak force: isometric force in the control beats was 65%, and assuming that peak force varies closely with mean force during a cardiac systole,* this would suggest that these control beats are operating near the apex of the CE work-load curve. As these dogs were studied under barbiturate anesthesia with heart rates and blood pressures in excess of normal, it is possible that the true apex of the work-load curve may be at a slightly lower load than indicated here. However, from the data in figure 5 , it would appear that despite this altered hemodynamic state, autoregulatory mechanisms had probably re-established steady state conditions during the control beats and that the apex of the work-load curve lies somewhere near 60% of the isometric load. These studies suggest that the normal systole tends to maintain an optimal relationship between force and fiber shortening, such that a maximal amount of contractile element work is performed within the dictates of a given force-*The average ratio of F p /mean force in control beats and isovolumic beats combined was 1.86 ± 0.18, although the ratio increased slightly with increasing afterload. Based on the average ratio for control beats only, F p in the isovolumic beats overestimated mean force by an average of 19%.
Circulation Research, Vol. XV111, June 1966 velocity curve or composite of force-velocity curves. It would seem likely that deviations from this optimal state may play an important role in recruiting mechanisms which maintain a normal cardiac output.
Summary
The effects of heightened afterload on forcevelocity relations and on contractile element work of single systoles were examined in the intact dog heart. The force-velocity curve described during the course of a normal systole represents a composite of curves, each with its own projected isometric force determined by instantaneous changes in fiber length. During the first systole following an afterload intervention, reciprocal changes in force and velocity were observed together with an extension of the projected isometricforce.
The effect of afterload on contractile element work was determined by: (1) the direction and magnitude of the afterload, and (2) the afterload of the control beat itself. When the control beat was lightly loaded, an increase in afterload increased contractile element work by two additive mechanisms: (1) an increase in mean isometric force, and (2) a shift of force-velocity relations to positions of greater power and work production. In normally loaded control beats, an increase in afterload resulted in a decrease in contractile element work, despite the fact that mean isometric force was increased. In this instance, force-velocity relations were shifted to positions where less power and work could be achieved. Thus, the normal systole appears to function at the apex of the contractile element work-load curve (near 60% of the isometric load).
Evidence is presented which suggests that the apparent maximum active state of the entire left ventricle is generally achieved within 30 to 50 msec after the onset of pressure rise, and that its decay is accompanied by abrupt divergence of the force-velocity relations from the inverse curve of that beat. A sudden increase in afterload does not appear to influence the duration of the maximum active state, although the duration of positive contractile element work is shortened and that of negative contractile element work prolonged.
